Objective: Cognitive impairment (CI) is common in children with epilepsy and can have devastating effects on their quality of life and that of their family. Early identification of CI is a priority to improve outcomes, but the current gold standard of detection with psychometric assessment is resource intensive and not always available. This paper proposes a novel technique of network analysis using routine clinical electroencephalography (EEG) to help identify CI in children with early-onset epilepsy (CWEOE) (0-5 y.o.). Methods: We analyzed functional networks from routinely acquired EEGs of 51 newly diagnosed CWEOE from a prospective population-based study. Combinations of connectivity metrics (e.g. phase-slope index (PSI)) with sub-network analysis (e.g. cluster-span threshold (CST)) identified significant correlations between network properties and cognition scores via rank correlation analysis with Kendall's τ . Predictive properties were investigated using a 5-fold cross-validated K -Nearest Neighbor classification model with normal cognition, mild/moderate CI and severe CI classes. Results: Phase-dependent connectivity metrics had higher sensitivity to cognition scores, with sub-networks identifying significant functional network changes over a broad range of spectral frequencies. Approximately 70.5% of all children were appropriately classified as normal cognition, mild/moderate CI or severe CI using CST network features. CST classification predicted CI classes 55% better than chance, and reduced misclassification penalties by half. Conclusions: CI in CWEOE can be detected with sensitivity at 85% (with respect to identifying either mild/moderate or severe CI) and specificity of 84%, by EEG network analysis. * Corresponding author † Authors contributed equally to the work.
Significance: This study outlines a data-driven methodology for identifying candidate biomarkers of CI in CWEOE from network features. Following additional replication, the proposed method and its use of routinely acquired EEG forms an attractive proposition for supporting clinical assessment of CI.
Keywords: Network analysis, signal processing, EEG graph networks, paediatric epilepsy, developmental impairment Normal (n = 31) Mild/Moderate CI (n = 7) Severe CI (n = 13) Age in months (SD) 36.18 (19.87 by not adhering to classical frequency bands, the narrow bands promoted iden-Therefore the weighted phase-lag index (WPLI) was included as a third com-151 parative measurement for analysis [21, 22] . The standard phase-lag index (PLI)
152
[21] is a robust measure derived from the asymmetry of instantaneous phase 153 differences between two signals, resulting in a measure which is less sensitive to 154 volume conduction effects and independent of signal amplitudes [21] . naturally leads to sparse networks in the data due to its acyclic nature, and that 191 in some occasions more dense networks may be preferable, there is potentially 192 real brain network information lost in the MST based EEG graph analysis [29] . 193 By contrast, the CST creates a similar sub-network, but balances the pro- Using guidelines outlined in literature [36] , the cost matrix in Table 2 was de-249 veloped, with predicted classes on the rows and real classes on the columns.
251
The defined matrix satisfies several key concerns in multi-class cost-matrix
Results
Of 64 at least one network metric (outlined in Figure 3 ) and the cognition standard 294 score measures. A summary of the significant correlations between the MST 295 metrics and the standard scores are shown in Table 3 . All MST correlations 296 were in the medium to high frequency range, 9 − 31 Hz, with no significant 297 results in lower frequencies. Activity above approximately 9 Hz is outside of the 298 expected range for the delta, theta and alpha bands in young children [38, 39] .
299
Sets of contiguous frequency bands with significant correlations were found in 300 the ICOH and PSI connectivity measures, and are reported together as a single 301 frequency range. Overlapping correlations retained at significant levels after 302 partial correlation correcting for age are also reported for the MST using a 303 modified Kendall's τ .
304
Similarly, significant correlations between the CST metrics and the cogni-305 tion standard scores are shown in Table 4 . Several significant CST metrics exist 306 in the lower frequency range (< 9 Hz), indicating a potential sensitivity of the The resulting confusion matrix from the 5-fold cross-validated, cost-sensitive 340 classification analysis is seen in Table 5 , with key summary 341
The overall classification accuracy was defined as the number of true label analysis. For in-depth reviews see [46, 13] , and for further reading [12, 47, 48] .
787
Cross-spectrum 788 Functional EEG connections are established through measures of interdependency between signals s i and s j [48] for any pair of EEG channels i and j. A common measurement for examining this interdependency is the crossspectrum function S ij (f ) [49, 19, 48] . Formally, let x i (f ) and x j (f ) be the complex Fourier transforms of the time series signals s i and s j for any pair (i, j) of EEG channels. Then the cross-spectrum can be calculated as
where † indicates the complex conjugation, and refers to the expectation value 789 (also written as E{}) [19] .
790
Imaginary Part of Coherency (ICOH)
791
Coherency is defined as the normalized cross-spectrum [19] :
Therefore, the imaginary part of coherency is defined as [19] ICoh ij (f ) ≡ Im{C ij (f )} (A.3)
where Im{} refers to taking the imaginary part of the complex coherency mea-792 sure.
793
Phase-Slope Index (PSI)
794
The PSI is defined as:
where C ij (f ) is as defined in equation A.2, † indicates the complex conjugation, 795 δf is the frequency resolution, and f ∈ F is the set of frequencies over which 796 the phase-slope is calculated (see [20] for details).
797
Phase-Lag Index
798
The PLI is defined as: [21, 22] Θ ij ≡ |E{sign(Im{C ij (f )})}| (A.5) where E{} is the expectation, sign is the positive or negative sign, and Im{C ij (f )} 799 is the same as ICOH (see equation A.3).
Weighted Phase-Lag Index (WPLI)
801
The weighted PLI (WPLI) is defined as: [22] Φ ij (f ) ≡ |E{|Im{X}|sign ( Figure B .6: Adjacency matrices for a representative 'impaired cognition' child calculated by ICOH, PSI and WPLI between the 5-9 Hz frequency range.
